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(57) ABSTRACT 
An improved automatic control system for controlling 
a phosphoric acid plant in order to maximize recovery 
of phosphoric acid which includes a programmable 
computer, a rock flow control and measurement device 
for controlling and measuring the rock mass flow rate, 
an acid flow control and measurement device for mea 
suring and controlling the sulfuric acid feed rate, 
wherein the computer is programmed to calculate the 
total amount of sulfuric acid added to the reactor, calcu 
late the total amount of rock added to the reactor, over 
the time interval, calculate a new sulfuric acid feed 
point to make excess sulfate resulting from reaction of 
incoming acid and rock to have a predetermined excess 
sulfate, wherein the predetermined excess sulfate causes 
the phosphoric acid plant to operate at the maximum 
efficiency, calculate a number of gallons of sulfuric acid 
to be added or subtracted to the reactor to correct the 
excess sulfate of material already in the reactor, and to 
generate control signals to cause said sulfuric acid feed 
rate to change which causes said number of gallons to 
be added or subtracted using a pulse and then decays to 
the new sulfuric acid set point. 

22 Claims, 10 Drawing Sheets 
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1. 

AUTOMATIC CONTROL SYSTEM FOR 
PHOSPHORIC ACID PLANT 

BACKGROUND OF THE INVENTION 
1. Field of the Invention 
The present invention generally relates to an auto 

matic control system for controlling a chemical reaction 
in order to maximize efficiency, and more particularly 
to an automatic control system for controlling the oper 
ation of the attack tank in a phosphoric acid plant in 
order to minimize the cost of production of phosphoric 
acid. Phosphoric acid (H3PO4) is an important interme 
diate chemical product. It is used primarily by the fertil 
izer industry, but is also used in a number of other areas 
such as in detergents, water treatment and food prod 
ucts. 

Phosphoric acid is primarily produced by what is 
known in the art as the "wet process." Using the wet 
process, phosphate rock, which includes calcium, phos 
phate and a number of impurities, is mined, beneficiated 
(concentrated) and then ground dry or wet through the 
use of ball mills or rod mills. The ground rock is fed into 
an attack tank or reactor and reacted (digested) with 
concentrated sulfuric acid (H2SO4). This process may 
be represented by: 

(eqn. 1). 

This reaction produces phosphoric acid (H3PO4) and 
calcium sulfate (CaSO4) which is a waste product and is 
commonly referred to as gypsum. This process is illus 
trated in FIG. 1. Phosphorous pentoxide (P2O5) is the 
term most often used to measure plant production 
rather than H3PO4. Plant output is referred to in tons of 
P2O5, not actual tons of acid. Approximately 4 tons of 
30% phosphoric acid equals 1 ton of P2O5 (Phosphoric 
acid and P2O5 may be used interchangeably when refer 
ring to plant output). 
The goal of a phosphoric acid plant is to maximize the 

production of phosphoric acid from the limited amount 
of phosphate rock, and thus, minimize any potential 
losses of phosphoric acid. An important factor influenc 
ing the efficiency of a phosphoric acid plant is the 
amount of free or excess sulfate (SO4)(measured as 
weight % of excess sulfate) in the reactor or attack tank. 
The amount of excess sulfate constitutes the amount of 
sulfate not reacted with calcium or in the form of 
CaSO4. On this basis, "excess sulfate' may be either a 
positive or a negative number (positive representing an 
excess of sulfate, and negative representing a deficiency 
of sulfate). 
The process shown in equation 1 produces two chem 

ical products: calcium sulfate crystals (gypsum-a 
waste product), and phosphoric acid. A properly oper 
ating phosphoric acid plant results in a high yield of 
P2O5 recovery from the attack tank slurry, and the 
formation of calcium sulfate crystals which contain 
little unreacted phosphate, and have a shape, size and 
porosity that filter easily. Level of excess sulfate is one 
of the most important factors governing crystallization 
quality. 
There are primarily 3 types of P2O5 losses that may 

occur in a phosphoric acid process. First are lattice 
losses or co-crystallized losses which occur due to the 
precipitation or co-crystallization of P2O5 with the cal 
cium sulfate. Lattice losses tend to increase as the 
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2 
amount of excess sulfate in the reactor is decreased. 
Second are coated rock losses which are due to an 
over-vigorous calcium sulfate (gypsum) crystallization 
which in turn causes phosphate rock particles to be 
covered by a gypsum shroud before the particle can 
completely react, thus shielding the particles from fur 
ther attack (reaction) by the sulfuric acid. Any phos 
phate rock particles which become coated with gypsum 
result in a loss of P2O5 production because this unre 
acted phosphate is thrown out along with the other 
solid matter (gypsum) in the tank slurry after filtering. 
Coated rock losses increase as the excess sulfate in the 
attack tank increases. Coated rock losses may also vary 
to some extent with the quality and with the fineness of 
the phosphate rock particles (rock quality is usually 
measured as a grade (a numerical value) in units of bone 
phosphate of lime (BPL)). Third are acid losses which 
occur due to inadequate filtration. Gypsum crystal size, 
and thus filtration characteristics, are primarily deter 
mined by the variability in the excess sulfate. In a prop 
erly operated phosphoric acid plant lattice losses (1) and 
coated rock losses (2) usually account for a majority of 
the acid losses encountered. 
FIG. 2 illustrates theoretically how the amount of 

P2O5 recovery is heavily dependent on the amount of 
excess sulfate in the reactor. The graph of FIG. 2 repre 
sents how the recovery of phosphoric acid (P2O5) var 
ies as the amount of excess sulfate (wt.% excess sulfate) 
changes between 0% and 4%. For this theoretical plant, 
P2O5 recovery is maximized when the excess sulfate in 
the reactor is maintained at approximately 2%. For a 
different plant or if the plant operation rate is increased 
or decreased, the optimum operating point (target) may 
be different. Periodic efficiency tests can reveal any 
changes in this optimum operating point. If the excess 
sulfate in the reactor decreases below the optimum 
point of about 2% excess sulfate, increased lattice losses 
cause a decrease in P2O5 recovery of the plant. Simi 
larly, if the plant is operated above the optimum point 
of 2% excess sulfate, P2O5 recovery also suffers due to 
increased coated rock losses. Therefore, to maximize 
production of P2O5, the amount of excess sulfate in the 
reactor should be maintained as close as possible to this 
predetermined optimum (target) operating point. The 
determination of the optimum point of operation for a 
particular facility is well within the skill of the phos 
phoric acid process control art, 
Many problems may arise when attempting to main 

tain the excess sulfate in the reactor at this predeter 
mined optimum point. If, for example, the optimum 
operating point was found to be 0% excess sulfate, then 
the amount of sulfate desired in the reactor is that 
amount that allows a complete reaction of all phosphate 
and results in no (0%) excess sulfate present. The 
amount or flow rate of sulfuric acid necessary to 
achieve this optimum operating point will need to vary 
based on several factors including (i) the mass flow rate 
of the rock (usually measured in tons/hour), (ii) the 
quality or grade of the rock CaO content), (iii) rock 
fineness, (iv) reactor temperature, etc. Therefore, the 
flow rate of sulfuric acid which is fed into the reactor 
(attack tank) necessary to achieve the optimum operat 
ing point (sulfuric acid demand) will be different for 
different mass flow rates, rock qualities and fineness of 
incoming rock. 
The quality or grade of the rock is determined by the 

percent of calcium present in the rock and the type and 
amount of impurities also in the rock. The fineness of 
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the rock is determined by the rock itself and the process 
and equipment used to grind the rock. The mass flow 
rate of the rock, which may be considered to be the 
operating rate or speed of the plant, can be measured 
using a magnetic flow meter (if rock is fed as slurry) to 
determine volume flow of rock per unit time, and a 
nuclear density meter to measure the density of the rock 
slurry. Using these two values, the mass flow rate of the 
rock (tons/hour) may be calculated. For any particular 
rock type (including fineness, quality, etc.) there exists 
some demand of sulfuric acid (S) per ton of rock (R), 
which may be represented as the ratio S/R, which pro 
duces the desired level of excess sulfate in the reactor. 
This may be referred to as the set ratio. The excess 
sulfate level in the reactor may be tested manually using 
well known laboratory methods, such as by precipita 
tion as barium sulfate and by measuring turbidity. The 
acid flow rate and the rock mass flow rate must be 
monitored and adjusted to maintain the excess sulfate 
level in the reactor equal to this predetermined level. 
For example, in one approach the rock mass flow rate 
may be held approximately constant and the flow rate 
of the sulfuric acid then adjusted to maintain the desired 
S/R ratio which produces the desired excess sulfate 
level. 
However, several additional problems exist which 

often hinder attempts to run the plant at this optimum 
operating point. First, the quality and fineness of the 
incoming rock are constantly changing because the 
quality of the rock and type of impurities in the rock 
vary widely among different ore sites, and even at the 
same site. Thus, the desired S/R ratio must frequently 
be updated in order to maintain the reactor at the opti 
mum level of excess sulfate. Unexpected difficulties 
such as mechanical problems (i.e., broken pumps, stuck 
valves, and the like) often prevent maintaining the flow 
rates at a known constant level, and may cause the 
excess sulfate level in the reactor to change drastically 
before any malfunction is detected. Even if the sulfuric 
acid flow rate is properly adjusted for the particular 
incoming rock, the excess sulfate already present in the 
reactor may not be correct. Therefore, an additional 
adjustment in the sulfuric acid flow rate must be made 
to correct for any sulfate excess or deficiency already in 
the reactor. In addition, after an adjustment in the sulfu 
ric acid flow rate has been made, there is an unavoidable 
lag time before the excess sulfate level in the reactor 
changes in response to the new acid flow rate. 

2. Description Of Related Art 
Prior systems have attempted to control the produc 

tion of phosphoric acid and the amount of excess sulfate 
in the reactor. Historically, sulfate control has been 
achieved by using large tanks for the attack process 
with periodic manual measurement of the excess sulfate 
in the tank, followed by adjusting, as needed, the acid or 
rock feed rates. Because an operator obtained little 
guidance about the myriad of factors influencing opera 
tion in such a system and thus was left in the dark as to 
what changes were required, different operators often 
would make entirely different changes under the exact 
same operating conditions. Using this procedure, it has 
only been possible to maintain an excess sulfate value 
that typically has a standard deviation of about 0.5 
around the desired optimum. 

There have been attempts to improve sulfate control. 
Generally, the approaches utilize continuous analysis of 
the rock (for calcium or P2O5 content) or continuous 
analysis of the sulfate in the reactor or attack tank. 
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4. 
However, these measurement devices were prone to 
breakage (clogged pipes, corrosion of internal parts, 
etc.) and thus usually required full time maintenance. 
Because of prohibitively high costs (initial cost and 
maintenance costs) and unstable measurements, such 
on-line measurement techniques have been abandoned 
by most plants. Even with constant measurement of the 
sulfate level in the attack tank, maintaining the sulfate 
level at the optimum point is still extremely difficult 
because generally one does not know what types of 
changes are necessary as well as what degree of change 
is needed to return the sulfate level to the desired opti 
1. 

In 1988, IMC Fertilizer, Inc., New Wales, Fla., im 
plemented an "advisory system' using a computer to 
assist in plant control. The computer for this system 
required the operator to input data hourly into the com 
puter on the measured level of excess sulfate in the 
attack tank and or other operating conditions of the 
reactor. The computer then performed a mass balance 
to determine if a rock change had occurred in the last 
hour. Next, the computer compared the expected level 
on the last correction made of excess sulfate vs. the 
actual level of excess sulfate for the last 4 hours to deter 
nine if the calculations needed to be adjusted for any 
changes in the reactor, etc. If the measured excess sul 
fate level was within a certain narrow control range of 
the target (optimum), a change in sulfuric acid flow was 
recommended to the operator. If the measured level of 
excess sulfate was outside the narrow control range, 
then both a sulfuric acid spike or pulse (positive or 
negative) and a change in the sulfuric acid flow rate 
were recommended to the operator. The data and cal 
culations were saved by the computer for further pro 
cessing. 

Because changes in the acid flow rate only compen 
sated for any change in rock mass flow rate, rock qual 
ity, etc. in some cases, the recommended sulfuric acid 
spike was necessary to correct the sulfate level of the 
material already in the tank. Even though this system 
constituted an improvement over prior art systems and 
in practice reduced the standard deviation of the level 
of excess sulfate in the attack tank around the desired 
sulfate level by approximately 60%, many problems 
existed with this system which prevented the operation 
of the plant continuously at the optimum or target sul 
fate level. 

First, even though the computer recommended a 
sulfuric acid flow rate of, for example 400 gallons/min., 
the operator never knew what the actual flow rate was 
because of unavoidable frequent fluctuations in the flow 
rate. Thus, the actual flow rate over the last time period 
actually may have averaged 395 gallons/min. even 
though the acid flow rate set point was 400 gal/min. 
This may be due to a pump which did not consistently 
supply the selected flow rate of acid. Under such cir 
cumstances, the total amount of acid added over a par 
ticular sampling period had to be estimated using the 
acid set point because the actual acid feed rate was not 
known. (No integration was performed.) This severely 
limited performance. Second, even though the com 
puter may have recommended use of an acid spike of, 
for example, an additional 200 gallons/min. for 10 min 
utes to adjust for the material already in the tank, and 
followed by a readjustment to the original acid flow 
rate, the actual spike created may be something quite 
different from what was recommended due to mechani 
cal limitations such as the valves not opening/closing 
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immediately or pumps not capable of providing the 
increased flow rate, imperfect pump performance, etc. 
Third, the data processing used to calculate the desired 
acid flow rate, acid spikes etc., was relatively simple 
and provided less than superior plant performance. In 
addition, the data used to calculate recommendations, 
including past flow rates and past changes made, was 
never actually known for reasons as discussed above. 
Therefore, there remained a need for a control system 
which accurately controlled the various components 
and procedures in a phosphoric acid plant, including the 
accurate control of the excess sulfate level in the reactor 
or attack tank. 

SUMMARY OF THE INVENTION 

Accordingly, it is an object of the present invention 
to provide an on-line automatic control system for con 
trolling a phosphoric acid plant. 

It is a further object of the present invention to pro 
vide an on-line automatic control system for controlling 
the excess sulfate in the reactor to maximize recovery of 
phosphoric acid. 

It is yet another object of the present invention to 
provide an automatic control system for controlling a 
phosphoric acid plant which measures the rock mass 
flow rate and sulfuric acid feed rate into the reactor 
continuously. 

It is yet another object of the present invention to 
provide an automatic control system which calculates a 
new sulfuric acid feed rate and produces an excess sul 
fate level, resulting from the combination of the incom 
ing rock and sulfuric acid, equal to the optimum excess 
sulfate. 

It is yet another object of the present invention to 
provide an automatic control system for correcting the 
excess sulfate level of the material already in the reac 
tor. 

It is yet another object of the present invention to 
provide an automatic control system which can detect 
erroneous sulfate samples (e.g., sample errors). 

In accordance with the present invention, an in 
proved automatic control system for controlling a phos 
phoric acid plant in order to maximize recovery of 
phosphoric acid is provided which includes a program 
mable computer, a rock flow control and measurement 
device for controlling and measuring the rock mass 
flow rate into an attack tank, and an acid flow control 
and measurement device for measuring and controlling 
the sulfuric acid feed rate to the attack tank. Wherein 
the computer is programmed to calculate the total 
amount of sulfuric acid added to the reactor and the 
total amount of rock added to the reactor over a time 
interval, and to calculate a new sulfuric acid feed rate to 
produce an excess sulfate level resulting from the reac 
tion of incoming acid and rock to equal a predetermined 
value of excess sulfate. The predetermined value of 
excess sulfate is that level at which the phosphoric acid 
plant operates at a maximum efficiency. The computer 
calculates a number of gallons of sulfuric acid to be 
added to (or subtracted from) the reactor to correct the 
value of excess sulfate already in the reactor, and to 
generate control signals to cause the sulfuric acid feed 
rate to change which causes said number of gallons to 
be added (or subtracted) by using a pulse (acid spike) 
and then allowing it to decay to a new sulfuric acid feed 
rate. 

10 

15 

20 

25 

30 

35 

45 

50 

55 

60 

65 

6 
BRIEF DESCRIPTION OF THE DRAWINGS 
A more complete appreciation of the present inven 

tion and many of the attendant advantages thereof will 
be readily obtained as the invention becomes better 
understood by reference to the following detailed de 
scription when considered in connection with the ac 
companying drawings. 
FIG. 1 is a schematic diagram of a typical phosphoric 

acid plant. 
FIG. 2 is a graphical diagram illustrating how the 

recovery of phosphoric acid (P2O5) theoretically can 
vary as the amount of excess sulfate (wt.% excess sul 
fate) changes between 0% and 4%. 
FIG. 3 is a schematic diagram of an automatic control 

system for controlling a phosphoric acid plant in accor 
dance with a preferred embodiment of the present in 
vention. 

FIG. 4 illustrates data for a deviation control example 
of the present invention. 
FIG. 5 is an acid pulse and exponential decay to a 

new acid set point of the present invention. 
FIG. 6 illustrates data for calculations often sampling 

periods of the present invention. 
FIG. 7 is a graphical diagram of the time varying acid 

and rock flow rates for a phosphoric acid plant using 
the automatic control system of the present invention. 

FIG. 8 is a graphical diagram of the time varying 
excess sulfate for a phosphoric acid plant not using the 
automatic control system of the present invention. 
FIG. 9 is a graphical diagram of the time varying 

excess sulfate for a phosphoric acid plant using the 
automatic control system of the present invention. 
FIG. 10 illustrates a sequence of steps which may be 

performed to operate the automatic control system of 
the present invention. 

DETAILED DESCRIPTION 

Referring to the drawings in detail, wherein like nu 
merals indicate like elements, FIG. 3 is a schematic 
diagram of an automatic control system 28 for control 
ling a phosphoric acid plant 35 in accordance with a 
preferred embodiment of the present invention. Phos 
phoric acid plant 35 includes rock grinder 36, rock 
pump 44, reactor (or attack tank) 38, acid pump 46, 
sulfuric acid plant 40 and filter 42, but may include 
additional or alternative components found in phos 
phoric acid plants. Phosphoric acid plant 35 is prefera 
bly of the "wet process' type. The rock may be fed to 
plant either as a slurry or as a dry rock. Also, even 
though the present invention is applied to the automatic 
control of a phosphoric acid plant using a computer, the 
present invention can be applied to other similarly oper 
ated chemical, manufacturing or other mixing process 
where it may be desirable to accurately control the 
quantity, ratio or feed rate of one or more substances in 
order to optimize efficiency or minimize costs. It should 
be understood that the dashed lines in FIG.3 separating 
automatic control system 28 from plant 35 have been 
drawn for explanation purposes, however, automatic 
control system 28 may include components (for exam 
ple, acid pump 46) which have been shown in FIG. 3 
within plant 35, or components normally found in a 
phosphoric acid or other plant. 
Rock grinder 36 grinds phosphate rock (which may 

include a number of impurities) and may mix water 
therewith to form a rock slurry and is coupled to rock 
pump 44 for feeding the slurry of ground rock into 
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reactor 38. Sulfuric acid manufacturer 40 manufactures 
sulfuric acid (H2SO4) and is coupled to acid pump 46 
which pumps sulfuric acid from sulfuric acid manufac 
turer 40 to reactor 38. The rock slurry containing 
ground phosphate rock is reacted (digested) with the 
sulfuric acid in reactor 38, which may also be referred 
to as an attack tank. The rock is dissolved by the acid in 
the attack tank. The dissolved calcium fraction of the 
rock is precipitated by the sulfate ions as calcium sul 
fate. As illustrated by equation 1 above this reaction 
produces phosphoric acid (H3PO4), and calcium sulfate 
(CaSO4) which is a waste product and is commonly 
referred to as gypsum. Phosphorous pentoxide (POs) is 

O 

the term most often used to measure plant production . 
rather than H3PO4, but these terms may be used inter 
changeably when referring to plant output. Filter 42 is 
preferably of the tilting pan filter type and is coupled to 
reactor 38 and filters the output of reactor 38 in order to 
separate the P2Os from the gypsum. 
Automatic control system 28 may include computer 

30, acid control and measurement device 32 and rock 
flow control and measurement device 34. Rock flow 
control and measurement device 34 is coupled to rock 
pump 44 and both measures and controls the speed of 
rock pump 44, and thus both measures and controls the 
rock mass flow rate from rock grinder 36 to reactor 38. 
Device 34 may include, for example, a magnetic flow 
meter for measuring the rock flow rate and a nuclear 
density meter for measuring the density of the rock 
slurry, or other devices that may together or separately 
measure and/or control the rock mass flow rate. From 
the flow rate and density measurements, the rock mass 
flow rate may be determined. Rock mass flow rate is 
often measured in tons of rock per hour. Device 34 
preferably continuously measures and controls the rock 
mass flow rate, but alternatively may perform these 
functions only periodically. Device 34 (or another de 
vice not shown) may also perform an analysis of the 
rock or slurry quality to determine calcium, P2O5, phos 
phate or other content of the rock. 
Acid control and measurement device 32 is coupled 

to acid pump 46 and both measures and controls the 
speed of acid pump 46, and thus both measures and 
controls the feed rate of sulfuric acid from sulfuric acid 
manufacturer 40 to reactor 38. These measurement and 
control functions are preferably performed continu 
ously, but alternatively may be performed only periodi 
cally. In addition to what is shown in FIG. 3, device 32 
(or another device not shown) may perform a continu 
ous measurement of the concentration of sulfate in reac 
tor 38. Devices 32 and 34 may be partially or com 
pletely built into pumps 46 and 44, for example as a built 
in "smart' controller which may be used for pre-proc 
essing. 
Computer 30 is coupled to devices 32 and 34 to re 

ceive data therefrom and preferably is programmable 
and preferably includes a central processing unit, mem 
ory, combinational and latching circuitry, and input 
/output devices for communication with devices 32 and 
34, a computer operator, or other device. The input 
Moutput devices, for example, may include a keyboard, 
cathode ray tube screen, printer or any other device 
which may be connected to a computer. Computer 30 
may also include serial or parallel interfaces or special 
ized interfaces which allow the interconnection of in 
put/output devices and devies 32 and 34 to computer 
30. Computer 30 may also include analog to digital 
converters and digital to analog converters for the con 
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version of flow measurement, control and other data or 
signals between analog and digital formats. Alterna 
tively, devices 32 and/or 34 may include analog to 
digital and/or digital to analog converters for this data 
conversion. Computer 30 is preferably a personal mi 
cro-computer, but may instead be a microprocessor, 
microcontroller, mini-computer, main frame computer, 
series of computers or other suitable device which is 
preferably programmable. The structures and operation 
of such computers are well-known in the art of process 
control design. 
Computer 30 operates to monitor and control devices 

32 and 34, and thus controls and measures the acid feed 
rate, rock mass flow rate and other factors in order to 
maximize the efficiency of the phosphoric acid plant. 
For reasons as discussed above, maximum efficiency 
(maximum output of P2O5) of a phosphoric acid plant 
occurs when the amount of free or excess sulfate (re 
ported as wt.% excess sulfate) in reactor 38 is main 
tained as close as possible to the plants' predetermined 
optimum valve. This predetermined optimum may vary 
for different plants and plant speeds and can be deter 
mined using procedures well known to those skilled in 
the art of phosphoric acid production from efficiency 
tests. This predetermined optimum level of excess sul 
fate in reactor 38 shall hereinafter be referred to as the 
"target," because it represents the level of excess sulfate 
that produces a maximum plant output of POs from a 
given amount of phosphate rock. Therefore, computer 
30 preferably operates so as to maintain the level of 
excess sulfate in reactor 38 as close as possible to the 
target. 
Computer 30 of the automatic control system of the 

present invention performs both sulfate control and 
deviation control. Sulfate control generally is the calcu 
lation and institution of rock and acid feed rates that 
cause the level of excess sulfate in the attack tank to be 
equal to the predetermined (optimum) value of excess 
sulfate. In a preferred embodiment of the present inven 
tion, sulfate control includes the calculation and institu 
tion of a new overall acid feed rate (acid pulse plus a 
decay to a new acid set point). A sulfate sample is taken 
from the attack tank and entered into computer 30 at the 
end of every sampling (time) period. Computer 30 then 
calculates and institutes the new overall acid feed rate. 
A sampling (time) period is preferably one hour, and a 
new sampling period begins when the sulfate sample 
data is entered into computer 30. 
When performing sulfate control, computer 30 calcu 

lates an overall acid feed rate for the next sampling 
period. The overall acid feed rate is the sum of an acid 
set point and an acid pulse. The acid pulse is calculated 
to correct for the material already in the tank to bring 
the excess sulfate level to the target. In the present 
invention, the acid pulse is then allowed to decay expo 
nentially to the acid set point. The acid set point is the 
acid feed rate that produces an excess sulfate level, 
accounting for the incoming material (acid and rock), 
equal to the target. Thus, the acid set point is matched 
to the quality, grind, etc. and flow rate of the incoming 
rock which results in an excess sulfate level equal to the 
target. By adjusting for the phosphate contribution 
from incoming rock and for the material already in the 
tank, the present invention maintains the overall plant 
excess sulfate level as close as possible to the target to 
give maximum phosphoric acid production at minimum 
COSt. 



5,262,963 
At the end of every sampling period, an overall acid 

feed rate (acid set point and acid pulse) is calculated and 
then instituted. The overall acid feed rate is calculated 
using data from several sources: First, computer 30 
stores data from calculations of past sampling periods 
(for example, the actual ratio of the last sampling per 
iod). Second, computer 30 receives data from (for ex 
ample) devices 32 and 34 indicating acid and rock flow 
(feed) rates which allows computer 30 to calculate the 
total amount of rock and acid added to the reactor over 
the last sampling period through integration. Third, 
computer 30 receives data (which may be inputted man 
ually by the plant operator, for example) on the mea 
sured SO4 concentration of attack tank. Using this data, 
computer 30 calculates the appropriate acid set point 
and acid pulse at the end of every sampling period. A 
new sampling period begins when a new sulfate analysis 
is entered into the computer. Computer 30 changes the 
acid (and/or rock) feed rate by periodically sending 
signals to devices 32 and 34 to change the flow rates. In 
a preferred embodiment of the present invention, the 
rock feed rate is held approximately constant and the 
acid feed rate is adjusted to apply an acid pulse and 
decay to a new acid set point to maintain a desired 
excess sulfate level in the attack tank. However, alterna 
tively, the acid feed rate could be held constant and 
then the rock feed rate could be adjusted accordingly. 
This alternate adjustment technique would require a 
rock pulse and decay to the new rock set point. Because 
it is more convenient to control acid flow, the former 
procedure is preferred. 
When performing deviation control, computer 30 

enforces the acid and rock set points. For example, if 
the (desired) acid set point was 400 gallons per minute 
(gpm), but the actual acid rate was 410 gpm, the actual 
rate would be decreased temporarily to 390 gpm by 
computer 30 until the actual number of gallons of acid 
(based on acid set point) was equal to the desired num 
ber of gallons. At that point, the actual acid feed rate 
would be adjusted by computer 30 back to the set point 
of 400 gpm. The allowed deviation, between the inte 
grated actual feed rate and integrated acid set point 
before the feed rate is adjusted decreases from an initial 
maximum value at the start of each new sampling per 
iod. This gives the pumps and controllers time to adjust 
to the new calculated set point. 
The sulfate control performed by computer 30 of the 

present invention uses adaptive ratio techniques to con 
trol the sulfate content of the phosphoric acid plant 
attack tank. Set points (preferred acid and rock flow 
rates) are computed using on-line data with feedback 
provided, for example, by hourly manual operator lab 
analysis. The present invention automatically adapts to 
various plant rates, rock feed types, and target sulfate 
concentrations. The four key components of the present 
invention are: the ratio calculations, the gain factor for 
adjustment sizing, the K pulse adjustment technique, 
and deviation control. The ratio calculations, gain fac 
tor and K pulse adjustment are parts of the sulfate con 
trol. 

RATIO CALCULATIONS 

Three ratios used in the present invention are the 
actual ratio, the historic ratio, and the set ratio and are 
used to correct the flow rates based on the rock grade to 
achieve the target excess sulfate resulting from the reac 
tion of acid and rock entering the attack tank, and in 
general do not correct the sulfate level for material 
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already in the tank. The actual ratio is calculated by 
computer 30 from the totalized (integrated) values of 
the sulfuric acid and rock feeds during the last sampling 
(time) period and is adjusted for changes in the attack 
tank sulfate concentration. A suitable sampling period is 
one hour. This period can be longer or shorter depend 
ing upon the preference of the operator. To totalize 
(integrate) the acid and rock flow rates over the sam 
pling period, computer 30 periodically polls the acid 
and rock feed rates and multiplies each feed rate times 
its respective polling period, and then adds them to 
gether to get the total amount added during the sam 
pling period. Using this discrete integration process, the 
total amount of acid or rock added to the reactor can be 
accurately determined. Computer 30 preferably polls 
the rock and acid feed rates every 0.5 seconds, but may 
poll more or less frequently. 
The historic ratio is a long term exponentially 

weighted average of the individual actual ratios with 
adjustment rules that shield the ratio from suspect data 
during startups and plant upsets. The set point ratio is 
used in calculating sulfuric set points and is determined 
by combining the actual and historic ratios in varying 
percentages according to current plant conditions. All 
three ratios are calculated by computer 30 every time 
additional sulfate concentration data is entered into the 
computer and reflect the rock grade being fed to the 
attack tank. 

GAIN FACTOR 

The gain factor controls the size of the sulfuric acid 
pulse adjustments required to attain the target sulfate 
concentration for material already in the attack tank. 
The gain factor appears in most of the calculations 
concerning attack tank inventory and it indirectly af 
fects the ratio calculations. A form of statistical process 
control is used to determine if past adjustments were 
properly sized for current plant conditions. The gain 
factor is initially set to 1. 

K PULSE ADJUSTMENTS 

K pulse adjustments involve an acid pulse (positive or 
negative) and an exponential decay to a set point. The K 
pulse adjustment technique was developed to handle 
two areas of concern in the control of sulfate concentra 
tion. A technique was needed to force the attack tank 
sulfate concentration to target as quickly as possible and 
handle variable sampling periods and delay times with a 
minimal amount of error and overshoot. In preferred 
embodiment, the K pulse technique causes computer 30 
to add 30% of the required adjustment in the first 10 
minutes after sample data entry and 50% in the first 18 
minutes. The adjustment (acid pulse) continues to taper 
off until it reaches a value of zero after approximately 
120 minutes. The fact that the total adjustment is 90% 
complete after 60 minutes minimizes calculation error 
and avoids the need for strict sampling intervals. The 
time sensitive portion of the calculation is an exponen 
tial decay curve with a time constant preferably of 24 
minutes. The adjustment sizing portion of the calcula 
tion remains constant until new manual data is entered 
into computer 30. Obviously, different values for the 
time constant may be used, and will change the response 
characteristics in ways that will be apparent to those 
skilled in the art of process control. 
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DEVATION CONTROL 

This portion of the automatic control system of the 
present invention enforces the set points calculated by 
the sulfate control portion by correcting the actual 
(measured) flow rates to be approximately equal to the 
acid and rock set points (desired acid and rock flow 
rates). Originally designed to correct for pump failures 
and other large fluctuations in feed rates, the routine 
was improved to maintain the acid and rock set point to 
actual flow ratio within about 0.1% on an hourly basis. 
In the current mode of operation the routine is activated 
on most sampling intervals. 
To determine the deviation in gallons of acid, com 

puter 30 frequently samples and continuously integrates 
the acid and rock set points and actual flow rates and 
the set point ratio is compared to the actual flow ratio 
using the following equation: 

Dev. = (Acid Set/Rock Set)-(Acid Act/Rock 
Act)Rock Act 

Dev. = deviation in gallons of acid 
Acid Set = totalized desired acid set point 
Rock Set = totalized desired rock set point 
Acid Act = totalized acid flow rate 
Rock Act = totalized rock flow rate. 
It is important to note that the set point totalizers 

integrate the desired set points and not the actual set 
points being sent to the controllers. When deviation 
control is active, the routine will send corrective set 
points to the controllers while continuing to totalize the 
desired values. 
The deviation limit is set to a maximum value at the 

beginning of a time (sampling) period to allow the con 
trollers to adjust to the new set points. The deviation 
limit is then decreased over time to force the integrated 
actual (actual feed rates) set points to be within some 
maximum allowed deviation of the integrated calcu 
lated set points. The deviation limit is preferably set at 
a value of 370 gallons of acid when new manual data is 
entered and preferably decreases at a rate of 10 gallons 
per minute until it reaches 30 gallons. The limit is in 
creased after the sample entry to allow the loop control 
lers to adjust to new set points. The gradual decrease in 
the limit allows the routine to detect and correct both 
large or small deviations before the next attack tank 
sample. Different numbers may be used for the devia 
tion control, however, the preferred numbers were very 
successful. 
When the deviation from the desired set point ratio 

exceeds the current deviation limit, a timer is activated 
by computer 30 and the appropriate rock or acid set 
point is gradually decreased to force the deviation to 
less than one-third the limit. Set points are always de 
creased to maintain the desired acid to rock mixture (set 
ratio) because an increase in flow may not be possible in 
certain conditions. 
The two factors that determine the amount of adjust 

ment to the set point when deviation control is active 
are the amount of time in minutes after the deviation has 
exceeded the limit and the size of the deviation. The 
product of these two factors determines the magnitude 
of the adjustment that will be applied to the appropriate 
set point. The actual equations for the acid and rock set 
points are as follows (for control deviation): 
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12 
Acid Set Point=Desired Acid 
Set-(Dev.GalDev.Time/SO) 

Rock Set Point=Desired Rock 
Set --(Dev.GalDev.Time/50)/Set Ratio. 

The formula for the acid set point is used if the devia 
tion indicates excess acid and the formula for the rock 
set point is used if a need for acid is indicated. Both 
formulas reduce the transmitted set point of either the 
rock or acid. The deviation gallons will be a negative 
value if the rock set point equation is active. Because 
the deviation is calculated in gallons of sulfuric acid, the 
current value for the acid to rock set point ratio is 
needed to convert the rock adjustment into the appro 
priate units. The value of 50 in the equations is a tuning 
constant controlling the rate of response. The deviation 
time is the amount of time in minutes from when the 
deviation exceeded the limit until it is less than one-third 
the current limit. 
Computer 30 gradually reduces the appropriate set 

point until the product of the deviation gallons and the 
deviation time begins to decrease. As the product of the 
two factors decreases, the affected set point increases 
until it reaches the desired set point or the deviation 
gallons fall below one-third the current deviation limit. 
To prevent mechanical damage to plant equipment, 
deviation control cannot force flow rates below some 
minimum value, for example, 50 for the rock and 100 for 
the acid. The deviation control routine operates on 
computer 30 concurrently with the sulfate control rou 
tine. FIG. 4 illustrates a deviation control example. 
"Adjustment' refers to the amount of acid decreased or 
can be converted to the amount of rock decreased using 
the set ratio formula. 

DEFINITION OF TERMS FOR SULFATE 
CONTROL 

Target 
The target value is a manual input to the program and 

is the sulfate concentration (% wt. excess sulfate) de 
sired at a particular point in the attack tank, such as 
typically in the fifth compartment of an 8 compartment 
attack tank. 

Measured SO4 

The measured SO4 (sulfate) value (% wt. excess sul 
fate) is a calculated input to the program. It may be 
based on the turbidity measurement of a sample from 
the particular point in the attack tank for which the 
target is meant and is prepared by the plant operator. 

Time of Entry 
The current clock time on the computer when a new 

value is entered for turbidity. 
Time of Sample 

The current clock time on the computer when a but 
ton push has been detected on a momentary contact 
switch located by the sample port of the fifth compart 
ment in the attack tank from which the sample is taken. 

Minutes between entries 

Calculated by difference from the clock times of the 
current and previous sample entry times. 
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Sample Delay 

Calculated by difference from the clock times of the 
sample entry time, and the sample push button time 
(time when the sample was taken). This value is as 
sumed to be 12 minutes if a button push is not detected. 

Total H2SO4 (gallons) 
This value is obtained by totalizing or integrating 

with respect to time the sulfuric acid flow rates. The 
totalizer is reset to zero when a sample entry value is 
detected. 

Total Dry Rock (tons) 
This value is obtained by totalizing or integrating the 

Dry Tons per Hour value. The totalizer is reset to zero 
when a sample entry value is detected. The Dry Rock 
Tonnage value is calculated within the local control 
loop from the rock slurry density and flow rate values. 

Average H2SO4 (GPM) 
This value is calculated as the total number of gallons 

of acid added between the samples divided by the time 
between sample entries. 

Average Rock (DTPH) 
This value is calculated as the total dry tons of rock 

added between the samples divided by the time between 
sample entries. 

Offset to Acid Set Point 

The offset is a correction factor for rate changes and 
differs from plant to plant. The offset must be deter 
mined empirically. It may be determined by one skilled 
in the art based on past plant information or statistical 
analysis of past plant performances. Determining the 
offset is within the ability of one of ordinary skill in the 
art. For one particular phosphate plant offset is prefera 
bly 25. The acid set point is the new desired acid flow 
rate (which has been determined to produce an excess 
sulfate level based on entering rock and acid to be equal 
to the target) and is measured in gallons per minute. 

Acid set point = Offset--(Rock dtph'Set ratio) 

The rock dtph refers to the actual rock rate in dry 
tons/hour, and is set manually by the plant operator. 
Rock dtph may also be referred to as the plant speed. 

Acid Excess 

This is the amount of H2SO4 added during the last 
time period in excess of the acid calculated from the 
offset and set ratio formula above. The units are in 
gallons of H2SO4 and the value is calculated as follows: 

Acid Excess=C(Total H2SO4-Offset"dt)/Total 
Rock)-Set Ratio)"Total Rock 

The variable dt is the amount of time between sample 
entries in minutes. 

Calc Acid 

This value represents the gallons of H2SO4 required 
to change the concentration in the attack tank from the 
sulfate concentration of the last Predicted SO4 to the 
concentration indicated by the current Measured SO4. 
The difference between the last Predicted SO4 and the 
current Measured SO4 is multiplied by a factor repre 
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14 
senting the attack tank volune and several unit conver 
sion factors. 

Calc Acid=(current Measured SO4-last Predicted 
SO4)*1840. 

The last predicted SO4 is the predicted SO4 for the 
previous sampling period. 

Theory Acid 
This is the theoretical amount of H2SO4 added to the 

attack tank in excess of the set ratio calculation during 
the period between when the sample was taken and 
when the lab analysis were entered. A delay period of 
12 minutes is assumed. This value is replaced by the 
actual amount of acid added in excess of the set ratio 
calculation if the sample button was used when the 
sample was taken. The units are in gallons of H2SO4. 
The value is determined by integration of the K pulse 
curve in the theory mode and by the difference in the 
two acid totalizer readings when the sample button is 
used. The theory value is calculated as follows: 

Theory Acid=24°K 
value"(exp(12-dt)/24-exp(-dt)/24) 

where the time constant for the K pulse curve is 24 
minutes and dt is the time between sample entries in 
minutes. The theory value is replaced by a value calcu 
lated from the acid totalizer if the sample button was 
used. The calculation for the sample button mode is as 
follows: 

Est. Acid=Total Acid at Sample entry-Total Acid 
at Button Push 

Est.Rock=Total Rock at Sample entry-Total Rock 
at Button Push 

Theory 
Acid={Est. Acid-OffsetDelay/Est.Rock-Set 
Ratio}"Est. Rock. 

Add Acid 

This value is the amount of H2SO4 added to the at 
tack in excess of the Set Ratio calculation during the 
time period from when the previous sample data was 
entered until the current sample was taken. The units 
are in gallons of H2SO4 and it is calculated as follows: 

Add Acids Acid Excess-Theory Acid. 

Base SO4 

This value is a calculated sulfate content for the at 
tack tank and is the assumed base concentration level 
for extrapolating the Predicted SO4 sulfate concentra 
tion. It is calculated by adjusting the current Measured 
SO4 value by the amount of H2SO4 added in excess of 
the Set Ratio amount from the last sample entry until 
the current sample was taken. The equation is as fol 
lows: 

Base SO4=Measured SO4-Add Acid/(Gain 
factor*1840)). 
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Predicted SO4 

This value is the predicted sulfate calculation at the 
time the sample data is entered. The predicted concen 
tration is calculated by adjusting the Base SO4 concen 
tration by the amount of H2SO4 added in excess of the 
Set Ratio from the last sample entry. The value is calcu 
lated as follows: 

Predicted SO4 = Base SO4+Acid Excess/(Gain 
factor'1840)). 

ExSO4 

The ExSO4 value is the sulfate concentration ex-. 
pected for the current Measured SO4 value. The value is 
used to determine if Gain Factor adjustments are re 
quired. 

ExSO4=Target-(22.3"K. Value-Acid 
Excess)/(Gain 1840). 

Up/Down Counts 
These values are integer counters indicating the num 

ber of sequential adjustments that were less than or 
greater than the amount required to maintain the target 
sulfate concentration. Up down counts are values that 
reflect the number of adjustment pulses in a row that 
were unsuccessful in correcting the sulfate level. The 
criteria to determine the adjustment performance is as 
follows: 
IF last Predicted SO4 <Target THEN Test A= 1 
IF current Predicted SO4). ExSO4 THEN Test B= 1 
IF Test A+Test B= 1 THEN Up Count=Up 
Count--1 ELSE Up Count=0 

IF Test A-Test BC 1 THEN Down Count=Down 
Count-1 ELSE Down Count=0, 

Gain Factor 

This value is an adjustment sizing factor used to de 
termine the amount of H2SO4 required to change the 
attack tank sulfate concentration by 1.0%. Various unit 
conversion factors are incorporated in the Gain factor's 
constant multiplier of 1840 to allow the factor to nor 
mally vary between a value of 1.0 and 2.0. The Gain 
Factor is adjusted according to the following criteria: 

IF Up Countd3 THEN Gain Factor=Previous Gain 
Factor -0.025 

IF Down Countd3 THEN Gain Factors Previous 
Gain Factor -0.0099 
Gain Factor=Previous Gain Factor'0.999 

These formulas adjust the gain factor which adjusts the 
size of the acid pulse. The gain factor is increased, 
which increases the size of the acid pulse, if the last 4 
acid pulses were too small. Similarly, the gain factor is 
decreased where the acid pulse was too large (overcor 
rected the excess sulfate) for the last 4 sampling periods, 
The last equation of this set was added after the original 
installation. It is designed to keep the system in an over 
damped condition where Up Counts are required to 
maintain the adjustment size. The prior advisory system 
could only reduce the adjustment size through contin 
ued oscillation which amplified process upsets. 

Combine Factor 

This value represents the percentage of the last Ac 
tual Ratio to be combined into the calculation of the 
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16 
next Set Ratio. The combine factor is the absolute value 
of the average of the last two Delta values where the 
Delta values are the difference between the Measured 
SO4 value and the Target. The Delta values are limited 
to a maximum value of 0.4, a minimum of -0.4. The 
Delta and Combine Factor are calculated as follows: 

Old Delta e Delta 
Delta = Measured SO4 - Target 

IF Delta > 0.4 THEN Delta = 0.4 
IF delta C -0.4 THEN Delta = -0.4 

Combine Factor is abs (Old Delta + Delta) / 2 

The combine factor is a value indicating the differ 
ence between measured SO4 and the target for the last 2 
samples. 

Actual Ratio 

The Actual Ratio represents the acid demand re 
quired by the rock feed entering the attack tank during 
the last sampling period. It is calculated from the acid 
and rock totalizers and adjusted for attack tank SO4 
concentration changes during that sampling period as 
follows: 

Actual Ratio=(Total H2SO4-Offset'dt-Calc 
Acid)/Total Rock. 

Historic Ratio 

The Historic Ratio is a long term exponentially 
weighted average of the Actual Ratio values. The His 
toric Ratio is somewhat shielded from highly variable 
Actual Ratios by substituting the last Actual Ratio for 
the current Actual Ratio if the current Actual Ratio 
value deviates from the Historic Ratio value by some 
set amount, e.g., greater than 0.03 or approximately 2%. 
The calculations are as follows: 

Last Ratio = last Actual Ratio 

IF abs (current Actual Ratio-last Historic 
Ratio)<0.03 THEN Last Ratio = current Actual 
Ratio 

Historic Ratios:0.875"last Historic 
Ratio --0.125"Last Ratio. 

A number of different formulas could be used to calcu 
late a historic ratio. 

Set Ratio 

The Set Ratio is the acid demand per unit of rock that 
has been calculated to cause the level of excess sulfate 
from the reaction incoming acid and rock to be equal to 
the target level of excess sulfate. The Set Ratio value is 
used to calculate the Acid gpm set point during the next 
sampling period. The units are gallons per minute of 
H2SO4 per dry ton per hour of Rock and the value is 
calculated by combining the Historic and Actual Ratios 
in the percentages indicated by the Combine Factor as 
follows: 

Set Ratios Combine Factor Actual 
Ratio --(1-Combine Factor)"Historic Ratio. 

The Set Ratio is calculated from the actual ratio and 
the Historic Ratio. The combine factor causes the Set 
Ratio to be more heavily weighted toward the historic 
ratio if the measured SO4 is equal to or close to the 
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target. If the measured SO4 is very close to the target, 
then large adjustments in the set points are probably not 
necessary because the plant is operating at or near the 
target level of excess sulfate. Thus, the set Ratio will be 
equal to the historic if the measured SO4 is equal to the 
target. If the measured SO4 is not close to the target, the 
set Ratio is weighted more towards the actual ratio 
because the historic ratio no longer accurately reflects 
the current needs of the plant. This may occur, for 
example, where an instrument has been recalibrated, or 
where there is a sudden change in the Rock quality. 

K Value 

The K value is a sizing constant to an exponential 
decay time function and the actual value is determined 
by the amount of H2SO4 required to be added or sub 
tracted (using the k-pulse) to obtain the target sulfate 
concentration in the attack tank. The time function is an 
exponential natural decay function with a time constant 

10 

15 

preferably of 24 minutes which generates a series of 20 
values ranging from 1.0 to 0.0 over a 120 minute period. 
In the preferred embodiment of the present invention, 
the time function is limited to a maximum value of 0.65 
to generate a plateau region for approximately the first 
10 minutes. The value of the integral of the time func 
tion is 22.3 units, therefore a K Value of 1.0 (which is 
limited to 0.65 by the time function) supplies 22.3 gal 
lons of H2SO4. The Acid Pulse is calculated as follows: 

K. Values (Target-Predicted SO4)"Gain 
Factor 1840/22.3 

Time Function=exp (-t/24) 

F Time Functions 0.65 THEN Time 
Functions 0.65. 

Thus, the time function is limited to a maximum value 
of 0.65 and effectively caps off the acid pulse for ap 
proximately 10 minutes before it begins to effectively 
decay. 

Acid Pulses-K ValueTine Function. 

The Acid Pulse is a (positive or negative) H2SO4 
pulse followed by an exponential decay to the new acid 
set point. FIG. 5 illustrates how the overall acid feed 
rate varies from an acid pulse and then decays to the 
new acid set point. The Acid Pulse is combined with the 
calculations from the Set Ratio and Offset calculations 
to produce the overall acid feed rate which is down 
loaded to acid control and measurement device 32 and 
acid pump 46 for the next sampling period according to 
the following: 

Overal Acid Feed Rate=Acid Pulse-Acid Set 
Point 

Overall Acid Feed Rate=(KValue time 
function)-(Rock Set PointSet Ratio --Offset). 

The advantage of a square pulse (through limiting the 
exponential function) followed by an exponential decay 
as opposed to only an exponential function is that the 
square pulse allows the attack tank to be adjusted 
quickly but does not require the controllers and pumps 
to attempt to make the extremely rapid adjustments 
necessary to track the steep exponential decay during 
the first few minutes (without square pulse). The acid 
pulse and decay of the present invention allows the 
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attack tank to be quickly adjusted without forcing the 
controllers and pumps to respond in a manner which 
may be physically impossible. In addition, a computer 
controlled pulse and exponential decay provides in 
creased safety over a manual system. In the present 
invention, computer 30 calculates the appropriate val 
ues for the acid pulse and decay and transmits control 
signals to acid control and measurement device 32. This 
method is self limiting because it decays to the set point. 
A manual increase in acid feed rate is prone to errors 
because it requires the plant operator to monitor the 
acid feed rate and manually readjust the feed rate back 
to the acid set point after the acid adjustment is made. 
As described earlier, once data is entered, the devia 

tion control program increases the allowed deviation 
between the overall acid feed rate and the actual feed 
rate to allow for devices, controllers and pumps to 
adjust. This allowed deviation is then decreased to force 
the actual acid feed rate to be approximately equal to 
the overall acid feed rate. Throughout the entire pro 
cess, computer 30 is constantly polling (sampling) the 
acid and rock feed rates. Even though the actual acid 
pulse may be slightly delayed or have a slightly differ 
ent shape, the actual number of gallons of acid (and tons 
of rock) added is still known due to the continuous 
totalizing or integration of both feed rates. The totalized 
number of gallons added is used in subsequent calcula 
tions to maintain the excess sulfate level as close as 
possible to the target. 

In the previously used advisory program, the com 
puter had to rely on estimates of the amount of acid 
(based on the acid set point) added because integration 
and polling were not performed. Thus, in related sys 
tems, the actual number of gallons added was never 
actually known. The automatic control system of the 
present invention overcomes these disadvantages. In 
addition, the present invention allows the pulse of acid 
to be added and then decrease to the new acid set point 
much faster than the advisory program. The method of 
calculating set points and the acid pulse is also much 
more sophisticated and allows for more accurate con 
trol to the target. FIG. 6 illustrates data for calculations 
often sampling periods of the present invention. 
The foregoing steps, operations and calculations may 

be performed to operate the automatic control system 
of the present invention. In a preferred embodiment, 
most of these steps, operations and calculations may be 
performed by programming a computer to perform 
them. Such programming techniques would be well 
known to a computer programmer of ordinary skill. It 
should be understood that the various steps, calcula 
tions and constants may be reasonably altered while still 
calculations feed rates and other adjustments necessary 
to operate a reaction at a desired target or at maximum 
efficiency as taught by the present invention. 

FIG. 10 illustrates a sequence of steps that may be 
performed to operate the automatic control system of 
the present invention. Specifically blocks 50-64 of FIG. 
10 illustrate a sequence of steps to perform sulfate con 
trol on a phosphoric acid plant according to the teach 
ings of the present invention. In block 50, the operator 
takes a sulfate sample at the end of a sampling period, 
preferably from the fifth compartment of an eight com 
partment attack tank. The sulfate level is measured 
using well-known techniques, such as through the use 
of a turbidimeter. The measured value of sulfate (SO4) is 
then entered manually into computer 30. 
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In block 52, computer 30 calculates the total amounts 
of rock and acid added to the reactor over the most 
recent sampling (time) period through integrating the 
acid and rock feed (flow) rates. A new sampling period 
begins when sulfate data is entered into computer 30. 

In block 54, computer 30 calculates the actual ratio 
which is a value representing the acid demand per unit 
of rock required by the rock for the data of the current 
sample being processed (current actual ratio). 

In block 56, computer 30 calculates the (new) historic 
ratio as a fractional combination of the previous or last 
historic ratio and the actual ratio for either the current 
sample or the last sample. The actual ratio which is 
selected for use in the calculations depends on how 
much the current actual ratio differs from the last his 
toric ratio. Because large changes in the sulfate level 
over a short period of time are unlikely, the current 
actual ratio will be ignored if it is much different than 
the last historic ratio, and the actual ratio for the previ 
ous sampling period will be used in the calculation. This 
method is based on the assumption that a large change 
in sulfate level is most likely an erroneous measurement 
if it occurs only once, but much more likely to be accu 
rate if it occurs twice or more in a row. According to 
this method of calculating the new historic ratio, the 
actual ratio that has a large deviation from the previous 
historic ratio will be used in the calculation only where 
it occurs twice in a row. 

In block 58, computer 30 calculates the set ratio from 
the combine factor, the actual ratio and the historic 
ratio. 

In block 60, computer 30 calculates the new acid set 
point from the rock set point, set ratio and the offset. 
Blocks 54-60 are steps which may be performed to 
calculate the new acid set point. 

In block 62, computer 30 calculates the K value for 
sizing the acid pulse. The K-value is calculated from the 
target, predicted SO4 and the gain factor. The predicted 
SO4 and the gain factor must be determined by com 
puter 30 prior to calculating the K-value. 

In block 64, computer 30 sends control signals to 
devices 32 and 46 to adjust the actual acid feed rate in 
order to institute the calculated acid pulse (from the 
calculated K-value) and to preferably decay to the cal 
culated acid set point. 

In addition to the sequence of steps shown in FIG. 10 
for sulfate control, the automatic control system of the 
present invention also performs deviation control con 
currently with sulfate control. Deviation control is the 
adjustment of the actual feed rates so that the actual 
feed rates are within some allowed deviation from their 
respective set points. The allowed deviation is set to a 
maximum when a new acid pulse and set point are insti 
tuted to give the pumps and controllers time to adjust. 
This allowed deviation decreases over time to force the 
actual feed ratio to be very close to their respective set 
point ratio. If the deviation exceeds the allowed devia 
tion, then the appropriate feed rate is decreased to com 
pensate for the error. 
FIG. 7 is a graphical display of how the rock mass 

flow rate and the acid feed rate vary with time for the 
present invention. For example, at time=t3, the rock 
mass flow rate decreases rapidly. This change was made 
by the operator in response to some outside problem 
such as the product tank was full or the filter was not 
filtering properly. The acid rate at approximately t3 
undergoes a negative acid spike to compensate for this 
decreased rock mass flow in order to maintain the de 
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sired set ratio. Acid pulses p1, p2 and p3 each illustrates 
an acid pulse followed by an exponential decay. Alter 
natively, the rock mass flow rate may be adjusted by 
itself or along with the acid feed rate in order to main 
tain the set ratio. 

FIGS. 8 and 9 illustrates how the weight percent 
excess sulfate varies over time when no computers were 
used (FIG. 8) and after the present invention was imple 
mented (FIG. 9). A phosphoric acid plant using the 
automatic control system of the present invention 
shows a decreased sulfate deviation and allows the con 
trol to an average excess sulfate value (2.0%) which for 
this example had been shown to give maximum effi 
ciency. Using the present invention, the standard devia 
tion around the desired sulfate level has been decreased 
by 80%. 

It should be understood that the method and appara 
tus of the present invention has been described as ap 
plied to a phosphoric acid plant for exemplary purposes. 
The present invention may be utilized in any reaction or 
mixing process of two or more substances where it may 
be desirable to accurately control feed rates, maintain a 
predetermined ratio of substances in a reaction tank, 
control the reaction, etc., to produce substances with 
specific predetermined properties in order to maximize 
output, efficiency, or obtain some other benefit. 

This invention has been described in detail in connec 
tion with the preferred embodiments but is for illustra 
tive purposes only and the invention is not limited 
thereto. It will be easily understood by those skilled in 
the art that variations and modifications can be easily 
made within the scope of this invention as defined by 
the appended claims. 
We claim: 
1. An apparatus for automatically controlling a reac 

tion of at least two substances, said apparatus compris 
Ing: 
means for controlling a feed rate of a first substance 

into a reactor; 
means for controlling a feed rate of a second sub 

stance into said reactor; wherein said first and said 
second substances mix and react in said reactor to 
produce a third substance; and 

programmable means for: 
(a) integrating the total amount of said first sub 

stance added to said reactor during a time per 
iod; 

(b) calculating the total amount of said second 
substance added to said reactor during the time 
period; 

(c) calculating a new feed rate of said first sub 
stance based on the feed rate of said second sub 
stance and said total amounts of said first and 
second substances added during the time period, 
wherein said new feed rate causes said reaction 
to operate substantially at a predetermined oper 
ating point; 

(d) calculating an adjustment amount of said first 
substance necessary to adjust said substances 
already in said reactor to react at said predeter 
mined operating point; and 

(e) causing said feed rate controller of said first 
substance to automatically change the feed rate 
of said first substance to add said adjustment 
amount of said first substance to said reactor or 
subtract said adjustment amount from said 
reactor and then to decay to said new feed rate in 
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order to operate the reaction at the predeter 
mined operating point. 

2. An apparatus for automatically controlling a phos 
phoric acid plant to a predetermined operating point, 
comprising: 
means for measuring actual excess sulfate in a reactor; 
means for integrating a sulfuric acid feed rate during 
a time period by frequently sampling the sulfuric 
acid feed rate and calculating a total amount of 
sulfuric acid added to the reactor during the time 
period; 

means for integrating a phosphate rock feed rate and 
calculating a total amount of phosphate rock added 
to the reactor during the time period; 

means for calculating a new set ratio from the total 
amounts of phosphate rock and sulfuric acid added 
to the reactor over the time period, and the actual 
excess sulfate, wherein the set ratio is the ratio of 
sulfuric acid demand per unit of phosphate rock 
which has been calculated to partially control said 
plant to the predetermined operating point; 

means for calculating a sulfuric acid set point, and a 
phosphate rock set point; and 

means for adjusting one of said feed rates to be ap 
proximately equal to its respective set point to 
approximately achieve said set ratio. 

3. The apparatus according to claim 2 wherein said 
means for calculating either and means for adjusting 
one includes means for calculating a sulfuric acid set 
point and means for adjusting said sulfuric acid feed rate 
to be approximately equal to said sulfuric acid set point 
to achieve said set ratio. 

4. The apparatus according to claim 2 and further 
comprising means for calculating an amount of sulfuric 
acid or phosphate rock to be added to or subtracted 
from the reactor in order to correct material already in 
the reactor to control said plant to the predetermined 
operating point. 

5. The apparatus according to claim 4 and further 
comprising means for performing a sulfuric acid pulse 
followed by an exponential decay to add or subtract 
said amount of sulfuric acid to said reactor. 

6. The apparatus according to claim 4 and further 
comprising means for performing a phosphate rock 
pulse followed by an exponential decay to add or sub 
tract said amount of phosphate rock to said reactor. 

7. The apparatus according to claim 5 and including 
means for conditionally increasing size of said sulfuric 
acid pulse if the sulfuric acid pulse performed during a 
previous time period was not sufficient to control the 
plant to the predetermined operating point. 

8. The apparatus according to claim 2 wherein said 
predetermined operating point is where the actual value 
of excess sulfate in the reactor is equal to a predeter 
mined value of excess sulfate. 

9. The apparatus according to claim 2 wherein said 
predetermined value of excess sulfate is between -2 
and 10 weight percent excess sulfate. 

10. The apparatus of claim 3 where 
sulfuric acid set point=set ratio * phosphate rock 

feed rate-offset. 
11. The apparatus according to claim 5 where the 

sulfuric acid pulse and exponential decay is an exponen 
tially decaying time function that is limited to a maxi 
mum value. 

12. The apparatus of claim 7 and further comprising 
means for controlling a deviation between the sulfuric 
acid set point and the sulfuric acid feed rate comprising: 
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means for calculating the deviation; and 
means for adjusting one of said sulfuric acid or phos 

phate rock feed rates to maintain a ratio of the 
sulfuric acid feed rate to phosphate rock feed rate 
approximately equal to the set ratio. 

13. An apparatus for correcting the excess sulfate in a 
phosphoric acid plant reactor, said apparatus compris 
1ng: 
means for measuring the excess sulfate in the reactor; 
and 

means for generating a sulfuric acid pulse followed 
by an exponential decay in order to add or subtract 
an amount of sulfuric acid to the reactor which 
approximately corrects the excess sulfate in the 
reactor to a predetermined value of excess sulfate. 

14. An apparatus for automatically controlling a 
phosphoric acid plant to have a predetermined value of 
excess sulfate, said apparatus comprising: 
means for measuring an excess sulfate in a reactor; 
means for controlling a sulfuric acid feed rate to the 

reactor; 
means for controlling a phosphate rock mass flow 

rate to the reactor; and 
programmable means for: 

(a) calculating a total amount of sulfuric acid added 
to the reactor over a time period; 

(b) calculating a total amount of rock added to the 
reactor over the time period; 

(c) calculating a new sulfuric acid feed rate to cause 
excess sulfate resulting from reaction of incon 
ing acid and phosphate rock to have the prede 
termined value of excess sulfate; 

(d) calculating a number of gallons of sulfuric acid 
to be added to the reactor or subtract from the 
reactor to correct the excess sulfate of material 
already in the reactor; and 

(e) generating control signals to cause said sulfuric 
acid feed rate to change and causing said number 
of gallons to be added to or subtract from the 
reactor using a pulse of said acid which decays to 
said new sulfuric acid feed rate. 

15. A method for automatically controlling a phos 
phoric acid plant to maximize recovery of phosphoric 
acid, said method comprising the steps of: 

determining an amount of sulfuric acid added to a 
reactor over a time period; 

determining an amount of phosphate rock added to 
the reactor over said time period; and 

determining a new sulfuric acid feed rate wherein a 
reaction of incoming rock and sulfuric acid fed in at 
the new sulfuric acid feed rate results in an excess 
sulfate approximately equal to a predetermined 
value of excess sulfate; and 

adjusting said sulfuric acid feed rate whereby the 
phosphoric acid recovery is maximized at the pre 
determined value of excess sulfate. 

16. The method according to claim 15 wherein deter 
mining a new sulfuric acid feed rate comprises: 

calculating a volume of sulfuric acid to be added to or 
subtracted from the reactor in order to correct 
material already in the reactor to have the prede 
termined value of excess sulfate. 

17. The method according to claim 16 wherein ad 
justing said sulfuric acid feed rate comprises: 

adding or subtracting the volume of sulfuric acid to 
the reactor. 

18. The method according to claim 17 wherein said 
step of adding or subtracting includes the step of per 
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forming a sulfuric acid pulse followed by an exponential 
decay to add or subtract the volume of sulfuric acid to 
the reactor. 

19. A method for automatically controlling a phos 
phoric acid plant to have a predetermined value of 
excess sulfate in a reactor, said method comprising the 
steps of: 

determining an actual rock mass flow rate into the 
reactor; 

determining an actual sulfuric acid feed rate into the 
reactor; and 

adjusting either said actual rock mass flow rate or 
said actual sulfuric acid feed rate to cause the reac 
tor to have the predetermined value of excess sul 
fate. 

20. The method of claim 19 and further comprising 
the step of calculating a sulfuric acid demand per ton of 
rock that results in the predetermined value of excess 
sulfate. 

21. A method for correcting the excess sulfate in a 
phosphoric acid plant reactor, said method comprising 
the steps of: 

measuring the excess sulfate in the reactor; and 
generating a sulfuric acid pulse followed by an expo 

nential decay in order to add or subtract an amount 
of sulfuric acid to the reactor which approximately 
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corrects the excess sulfate in the reactor to a prede 
termined value of excess sulfate. 

22. A method for automatically controlling a phos 
phoric acid plant to maximum efficiency of a reactor for 
converting phosphate rock to phosphoric acid, said 
method comprising the steps of: 

measuring an excess sulfate in a reactor; 
controlling a sulfuric acid feed rate to the reactor; 
controlling a phosphate rock mass flow rate to the 

reactor; and 
calculating a total amount of sulfuric acid added to 

the reactor over a time period; 
calculating a total amount of rock added to the reac 

tor over the time period; 
calculating a new sulfuric acid feed rate to cause 

excess sulfate resulting from reaction of incoming 
acid and phosphate rock to have a predetermined 
value of excess sulfate, wherein said predetermined 
value of excess sulfate causes the phosphoric acid 
plant to operate at the maximum efficiency; 

calculating a number of gallons of sulfuric acid to be 
added to the reactor to correct the excess sulfate of 
material already in the reactor; and 

generating control signals to cause said sulfuric acid 
feed rate to change and causing said number of 
gallons to be added using a pulse of said acid which 
decays to said new sulfuric acid feed rate. 

k . . . . 


